Abstract Using an idealized model, we deduce the impedance per unit length of long solenoid of many turns that contains a cylindrical sample. The sample with a specified conductivity and magnetic permeability need not be centrally located within the solenoid provided all transverse dimensions are small compared with the free-space wavelength. The derivation is relatively straightforward and it provides a justification for earlier use of the impedance formula. The dual problem ,where the solenoid is replaced by a toroidal coil is also considered. It is shown that both excitation methods have merit in nondestructive testing procedures.
INTRODUCTION
A COMMON METHOD [1] of nondestructive testing (NDT) of metal rods and tubes is to induce eddy currents by means of an encircling solenoid carrying an alternating current. The impedance ofthe solenoid is related to the cross-sectional area and the electrical properties ofthe sample. A formula for this impedance was obtained by Forster and Stambke [2] on the assumption that end effects could be ignored. Also, they assumed that the cylindrical sample was centrally located within the solenoid. The same derivation was essentially repeated by Hochschild [3] and Libby [1] .
A feature of the Forster-Stambke derivation is that the effect of the air gap is introduced in a somewhat heuristic fashion wherein the field in this concentric region is assumed to be the same as the one for the empty solenoid. We feel it is worthwhile to provide a more general derivation of the impedance formula. We also show it applies to the case of a nonconcentric air gap. Finally, we mention the relevance of the current analysis to the dual problem where the cylindrical sample is excited by a toroidal coil.
FORMULATION
To simplify the discussion, we consider first the concentric air gap model with a homogeneous cylindrical sample of radius a with conductivity ar and magnetic permeability ji. The situation is indicated in Fig. 1 The quantity of immediate interest is the impedance Z of the solenoid itself. Clearly, within the limits of our basic assumptions, where no restriction has been placed on the magnitude ofya. Here R and X denote the resistance and reactance, respectively. Fig. 2the sample radius b is assumed to be the same as the sample radius a (i.e., no air gap). Different values of the magnetic permeability are shown. Not surprisingly, when a is small, R vanishes, and X/XO tends to y/I/U. However, in general, the eddy currents have the effect of reducing X/X0, which is the effective flux, and to introduce a resistive portion R/Xo. In Fig. 3 
ANALYSIS FOR NONCONCENTRIC SAMPLE
We now consider the formal extension ofthe theory to the case where the exciting solenoid is no longer concentric with the cylindrical sample. The situation is indicated in Fig. 4 . As before, cylindrical coordinates (p, 4, z) are chosen coaxial with the sample. But now, the shifted coordinates (p', 4', z) are chosen to be coaxial with the exciting solenoid. The shift is po as indicated in Fig. 4 (25) in analogy to (4) . In fact, Zoc Zc.
A known addition theorem [5] Lo and behold, these show that Z/ZO reduces again to the formula given by (18). This confirms the conjecture of F6rster and Stambke who seemed to be gifted with keen physical insight into such problems. Of course, we do not expect the result to hold in any sense when the dimensions of the solenoid become comparable with the free-space wavelength. In that case, many other complications arise such as the assumed uniformity of the solenoid current.
THE DUAL PROBLEM AND CONCLUDING REMARKS
There is an extremely interesting duality to the problem we have discussed. That is, rather than exciting the cylindrical sample with an azimuthal electric current, we employ an azimuthal magnetic current. This is an idealized representation for a thin toroidal coil but, again, it effectively is of infinite length in the z or axial direction. The assumed source discontinuity is now in the electric field at p = b which has only a z component. The much more complicated case ofthe toroidal coil of finite axial extent was analyzed recently [7] .
Under the present assumption of axial uniformity, the which depends only on the conductivity of the sample. Thus this type of excitation should be preferred with probing the effective conductivity in the axial direction in the sample.
